Inheritance of non-genetic factors permits ancestral environmental history to inform the development of subsequent generations. This form of soft inheritance has been shown in mammals, yet the molecular underpinnings of this phenomenon are poorly understood. In the present article, we focus on gametic inheritance of non-genetic factors, utilizing examples of paternal transmission to explore the core issues that need to be addressed in order to gain greater insight into the molecular mechanisms. Three essential processes are identified: (i) how the environment affects the germline to establish an altered molecular milieu, (ii) the molecular nature of the inherited mark, and (iii) how this affects genome function in the developing embryo to elicit an alternative developmental outcome.
Introduction
Heritable non-genetic factors allow the development of one generation to be influenced by the environmental history of previous generations. This so-called 'soft inheritance' could potentially confer an advantage in dynamic environments by increasing the range of potential phenotypes in offspring in the absence of underlying genetic mutation [1] . In the present review, we will refer to these effects as 'transgenerational', but in this context the term could be exchanged for 'intergenerational' [2] . This form of inheritance is known to occur in plants and lower organisms (e.g. [3, 4] ). In mammals, there is observational evidence for two forms of non-genetic inheritance; however, the mechanistic basis of these effects is still poorly understood.
The ability of the epigenome to respond to environmental influences is thought to underlie the phenomenon of developmental programming. This term refers to pre-and early post-natal environmental 'programming' of developmental trajectories, which confer latent phenotypes that manifest as increased disease risk, only becoming apparent with age/and or environmental triggers. Maternal/developmental programming is a form of soft inheritance. It has the potential to be transmitted in a transgenerational fashion through the female line in a manner that may or may not involve gametic transmission. This phenomenon has been the subject of many other comprehensive reviews (e.g. [5] ). In the present review, we focus on outlining the evidence for transgenerational inheritance of non-genetically conferred traits transmitted through the germline, drawing attention to the key issues which need to be addressed in order for us to gain an increased understanding of the mechanistic basis of these effects in mammals. Differentiating between gestational/maternal effects and germline transmission in female-inherited traits is inherently challenging, so the key aspects of non-genetic gametic inheritance in mammals is explored with reference solely to evidence of paternal inheritance. Direct extrapolation to the female germline may not be relevant given the differences in the developmental timing of the germline between the sexes.
Mechanistically, non-genetic gametic inheritance can be dissected into three essential stages: (i) establishment of a signal triggered within the germline, (ii) the mature gamete transmits the signal through fertilization, and (iii) the signal influences genome function in the developing offspring, to confer an altered developmental outcome. Despite several independent investigations documenting male germline inheritance in mammals in recent years, the molecular basis of these observations remains mysterious. exposure must occur very early in embryogenesis [6] . The germline epigenome is reprogrammed during this period and, once established, it is thought to remain relatively refractory to subsequent exposures. To this end, experiments investigating this form of inheritance proposed a threegeneration paradigm involving an in utero environmental insult to the F1 during mid-gestation [when the PGCs (primordial germ cells) that form the second generation are being specified], often through maternal dietary manipulation. If, in the absence of any further environmental perturbations, phenotypic outcomes are observed in the F3, through the male germline in each generation, it provides evidence of a germline transmissible effect that persists in the absence of direct germline exposure, i.e. 'gametic epigenetic inheritance' [7] . However, there is now substantial evidence that environmental exposures at any point in the life of a sire may induce differential phenotypes in offspring. In the present review, we consider male germline development with relation to developmental timing and discuss putative mechanisms for how the molecular underpinnings of germline differentiation may be affected by the environment (Figure 1) .
Mammalian male germ cell development starts during fetal life with the specification and migration of the PGCs to the primitive gonads. Genome-scale epigenetic reprogramming occurs concurrently to establish the gonocyte epigenome by the time of birth (Figure 1, region A) . Soon after birth, gonocytes differentiate into SSCs (spermatogonial stem cells), which first appear 3-4 dpp (days post-partum) in mice [8] . These SSCs begin to undergo spermatogenesis almost immediately, such that mature spermatozoa are present by 35 dpp. This spermatogenic differentiation cycle and SSC renewal is recapitulated throughout adult life and is a dynamic process driven by hormonal (e.g. testosterone and folliclestimulating hormone) signals.
The developmental timing of exposure will influence the impact of a given environmental factor on the germline, as it will determine the cell types and molecular networks that may be affected. Exposures that occur in the prenatal or early postnatal period may act to modify the male germline by disrupting the epigenetic reprogramming that is required for the establishment of SSC populations ( Figure 1, region A) . Cellular lineage specification in this developmental period involves genome-wide DNA demethylation, through both active and passive mechanisms that operate in a manner that is dependent on genomic context [9] . During this period, transposon silencing is maintained by both epigenetic and post-transcriptional levels through a regulatory system involving the PIWI proteins MILI/MIWI2, which associate predominantly with ∼26 nt piRNAs (PIWI-interacting RNAs) [10, 11] . Germline-specific DNA methylation is then established, co-ordinately with other chromatin marks and the induction of a germ-cell-specific transcriptional programme. Environmental perturbation of any of these processes may result in the establishment of altered chromatin states that, if not removed later in germline development, could potentially be transmitted with the mature gamete.
Yet, early developmental exposures are also associated with 'developmental programming' of the sire. Therefore the possibility that altered (somatic) development of the exposed individual could subsequently influence germline function and/or germline epigenomic programming must also be considered. Changes in mature sperm may result from altered regulation of the spermatogenic cycle in postnatal life, rather than, or in addition to, direct modification of the PGCs. This may involve altered development of neuroendocrine systems that, via secreted hormones, have a direct effect on germline differentiation via interaction with target receptors expressed at discrete stages (e.g. Figure 1 , region B). Alternatively, the effect may be mediated through intermediate effects on the germline stem cell niche or other supportive cell types (e.g. [12] ). At present, there is a paucity of functional evidence relating to such effects. Nonetheless, the concept is explored in the present paper in relation to early gestational nutritional restriction. Maternal nutrient restriction has been shown in rodent models to alter offspring development of hypothalamic regions involved in setting energy balance and satiety [13] . It is thought that this contributes to the metabolic abnormalities that resemble human metabolic syndrome, including altered disposition of body fat. Adult body fat mass is directly proportional to the circulating levels of the adipokine leptin, a pleiotropic hormone involved in energy regulation [14, 15] . Interestingly, leptin receptors are also expressed at the early stages of the spermatogenic cycle [spermatogonia (SSCs) and early spermatocytes (Spcs)] ( Figure 1B) , suggesting a potential mechanism for increased leptin levels to directly affect the germline, in a cell-type-specific manner [16, 17] . Leptin signalling might influence the germline epigenome through downstream transcriptional effectors that recruit chromatin modifiers in a locus-specific manner. Alternatively, increased circulating leptin may affect the germline through modulation of other steroidal hormones, e.g. testosterone [18] .
The stage at which germline changes manifest in response to early developmental insults could be addressed using comparative transcriptomics of prenatal prospermatogonia; however, isolation of pure populations of PGCs and prospermatogonia would require a transgenic background with a labelled germline-specific marker. There is some evidence to suggest that maternal exposures (e.g. stress) that occur early in gestation (before the formation and epigenetic reprogramming of the PGCs) can confer phenotypes not only on the developmentally exposed offspring, but also on their offspring, suggesting that developmental programming of the sire may underlie, at least in some cases, the establishment of an altered 'signal' in the germline [19] .
As the spermatogenic cycle is continuous throughout adult life, environmental factors capable of influencing the differentiation programme have the potential to alter the epigenome of the mature gamete. Indeed, in recent years, there have been a number of rodent studies showing that interventions to sires during adulthood can alter offspring phenotypes [20] [21] [22] [23] . In some cases, environmental chemicals may directly affect germline differentiation (e.g. endocrine genome-wide levels of DNA methylation, histone composition, prevalence of mRNA/small RNA transcripts and germ granule formation (piR bodies; IMC, intermitochondrial cement; CB, chromatoid body), with respect to the stage of the spermatogenic cycle. The molecular outcomes of an environmental exposure may depend on the spermatogenic stage at which the germline is exposed. Environmental factors acting prenatally (region A) may directly influence PGCs and therefore the spermatogonial stem pool to which they give rise. For example, DNA methylation may be particularly susceptible to factors acting at this stage (A) of development as it is undergoing genome-wide erasure and re-establishment. Early exposures may also influence the germline indirectly, e.g. as a consequence of neuroendocrine axis programming. To demonstrate this, maternal protein restriction is used as an example. It causes metabolic phenotypes in adult offspring, which is accompanied by altered levels of the adipokine leptin. Leptin receptors are expressed on SSCs and early spermatocytes (Spc) (region B), but the effect of circulating leptin on the germline are not known. However, there is the potential for transcriptional/chromatin modification to occur as a consequence of transcriptional effects downstream of leptin receptor activation. As the spermatogenic cycle continues from SSC differentiation to form mature sperm throughout the life of the adult male, there is the potential for the adult environment to influence the germline. For example, chronic injury may result in the production of cytokines (e.g. TGFβ1), which, again, has the potential to modify the germline through direct interaction with receptors expressed at the round spermatid (RS) stage (region C). Factors acting at this stage might influence histone replacement or the mRNA pool that is stored within the chromatoid body. ES, elongated spermatids; miRNA, microRNA; proSg, pro-spermatogonia; TF, tissue factor.
disruptors [24] ). Yet other environmental factors could act indirectly, mechanistically resembling germline effects that are secondary to developmental programming of the soma. In these cases, germline effects are consequential to metabolic and/or neuroendocrine changes triggered by the environmental factor. Indeed, environmental factors that have been found to induce phenotypic changes in the next generation are frequently associated with metabolic and/or neuroendocrine effects in the sire (e.g. obesity induced by a high-fat diet may act through effects on leptin [22] ).
Evidence for the existence of a serum-borne factor inducing germline alteration and offspring phenotypes has been reported recently [20] . It was found that induction of liver fibrosis in sires and grand-sires confers a decreased fibrotic response to the same insult in the subsequent generation. Furthermore, enrichment of specific histone modifications at a promoter implicated in mediating this response was found in the liver of the grand-offspring and also in the sires' sperm [20] . Serum from exposed animals induced similar sperm histone marks at the target promoter when used to inoculate naïve animals. Although the mechanistic underpinnings of this effect are yet to be determined, we will use it as a platform to present a conceptual framework for how adult experiences might mechanistically elicit germline changes. Chronic injury is associated with cytokine production [e.g. TGFβ1 (transforming growth factor β1)]. There is some evidence for specific cytokines to have a role in regulating male germline differentiation through interaction with specific receptors that are expressed at discrete stages of the spermatogenic cycle. For example, receptors for TGFβ1 are expressed on post-meiotic round spermatids (Figure 1, region C) . Downstream effectors of TGFβ1 signalling could mediate chromatin changes at discrete loci through initiating alternative transcription (e.g. through decreasing oestrogen levels; Figure 1 ).
These studies demonstrate that the postnatal male germline is susceptible to environmental manipulation. The underlying mechanisms for germline effects are poorly understood and many key questions need to be addressed. The stages of the spermatogenic cycle that are influenced will have implications for whether alterations to the germline are permanent or transient. What hormones/signals are involved? What downstream signalling pathways are activated? A combined approach of pharmacological and biochemical in vivo and ex vivo approaches will be required to address these questions.
What is the transmitted mark?
The identity of the environmentally sensitive factor transmitted with the mature gamete has been the subject of most scrutiny [2] . However, there have been very few genome-wide studies to date. Furthermore, even in cases where putative germline marks have been identified, how these changes manifest and their relationship with developmental outcomes in the subsequent generation are at best correlative.
As a consequence of it being the most tractable epigenetic modification, DNA methylation has received the most attention. Genome-wide assessment of DNA methylation in mature sperm has been profiled in an inbred mouse model of transgenerational effects induced by a post-weaning proteinrestricted diet [23] . Little evidence was found, however, for large-scale dysregulation of the methylome in response to paternal diet. Furthermore, there was no evidence that tissuespecific DNA methylation changes found in the offspring were reflected in the sperm. However, it is worthy to note that large-scale DNA methylation resetting in the germline would have been completed before this dietary intervention [25] . Although DNA methylation is likely to show dynamism at more discrete loci in the adolescent/adult male germline as a reflection of the transcriptional changes required for germline differentiation, it may be that smaller changes were not identified due to sensitivity of the method [MeDIP-seq (high-throughput sequencing of DNA immunoprecipitated with a methylation-specific antibody)] and the small number of individuals assayed. Detailed studies of methylation dynamics within mammalian PGCs have shown that some unique loci located close to repetitive elements are not subject to clearing and re-establishment of DNA methylation marks in the PGCs [9] , suggesting that, if the methylation state of such regions is influenced by the environment before soma-germline differentiation, alternative methylation states might be retained in mature gametes. Further genome-wide studies with high-resolution bisulfite-based technologies are required to resolve what regions, and in what developmental contexts, DNA methylation in the germline might be affected by the environment.
Although the vast majority of the male haploid genome is repackaged with protamines during the final stages of germline differentiation (spermiogenesis; Figure 1 ), some nucleosomes are retained in both mice and humans [26] . Furthermore, the sites of nucleosomal retention and the distribution of associated post-translational modifications is non-random, suggesting the potential for histone-based inheritance. Transgenerational effects involving histones have been shown in non-mammalian model organisms. Genetic deletion of various members of the H3K4me3 (trimethylated histone H3 Lys 4 ) regulatory complex extends lifespan in Caenorhabditis elegans [27] . This effect persists in wildtype descendants for two generations and is transmitted in a germline-dependent manner [28] , although altered distribution of germline H3K4me3 was not shown directly.
In mammals, environmental insults to adult sires have been shown to alter chromatin states at loci examined using targeted approaches, with a number of different histone marks being assayed, including H3K27me3 (trimethylated histone H3 Lys 27 ), H2AZ (histone H2A variant) and H3ac (histone H3 acetylation) [20, 21, 23] . How might alternative histone marks within mature spermatozoa be established? Conceivably, any signalling cascade that has transcriptional consequences might result in the establishment of alternative histone marks at discrete genomic targets (Figure 1 ). If locusspecific marks are not reversed at later stages of differentiation and are located within regions at which nucleosomes are retained, they would be present in the mature spermatozoa. Alternatively, it may be the sequential process whereby the haploid genome is repackaged into histone variants and eventually protamines that is disturbed. Future genomewide studies of sperm histones will help to elucidate how altered histone states are established. Interestingly, staining of the testis of cocaine-dependent sires suggested a global increase in H3ac levels at earlier stages of spermatogenesis, suggesting that the enrichment seen at the locus studied in mature sperm may reflect a broader effect [21] . Many questions remain to be answered with regard to the role of histones in mature spermatozoa and environmental effects. What is the relevant mark(s)? With so many post-translational histone modifications and variants to choose from, how can we identify those that are most relevant? Are these marks modified by the environment in a locus-specific fashion? Could published chromatin mapping data from germ cells and embryonic stem cell lines be utilized in concert with transcriptomic datasets to select candidate marks? A quantitative proteomics approach to germline nucleoprotein composition [29] might provide some insight.
Perhaps non-genetic gametic inheritance results from transmission of regulatory molecules that are not chromatin-associated, but have the potential to regulate the post-fertilization genome in a transcriptional or posttranscriptional manner. The male germline is host to stage-specific regulatory RNA networks that are involved in directing transposon silencing (26 nt transcripts; Figure 1 ), in addition to storing spermatogenic mRNAs for postmeiotic stages of germ-cell differentiation [CB (chromatoid body); Figure 1 ], when the haploid genome becomes transcriptionally silent. Recent studies have revealed that mature sperm contain a variety of RNA species that have the potential to be transmitted to the zygote at fertilization [30] . The relative abundance of various transcript classes throughout spermatogenesis is indicated in Figure 1 .
In addition to mRNA, several regulatory RNA species have also been described and, in some cases, shown to be necessary for early post-fertilization events [31] . The influence of the environment on the RNA complement of mature sperm has only been examined in one study, where it was found that there was an increase in 'sperm-like' RNAs in animals that had been subjected to a caloric-or protein-restricted diet [23] . This is an intriguing finding, given that spermiogenic mRNAs are specifically stabilized at the latter stages of spermatogenesis in a mechanism involving the Piwi protein MIWI-binding mRNAs in a piRNA-independent fashion, and recruiting them to a larger ribonucleoprotein complex [32] .
The potential role for RNA-mediated inheritance is even more interesting in the light of several recent studies that show it is essential in C. elegans for transgenerational inheritance of transgene silencing, via the generation of secondary piRNA intermediates [33] [34] [35] . Silencing in these cases is inherited in a trans fashion and causes stable transgenerational germline silencing at a transcriptional level through inducing chromatin modifications. Interestingly, this is triggered by mechanisms that seem to scan the germline transcriptome against a previous memory of germline transcribed RNA species. Those which match the inventory are protected by silencing through binding with protective factors [35] . This protective binding of germline transcripts shows some parallels to the piRNA-independent functions of MIWI in the later stages of mammalian sperm differentiation. However, orthologues of the proteins required to generate the RNA intermediates involved in this form of inheritance in C. elegans have not been identified in mammals.
Explicit profiling of small RNA has not been performed within the context of a mammalian non-genetic inheritance model, but is an intriguing line of investigation given the repertoire of regulatory RNAs that have been described, including microRNAs, endogenous siRNAs (short interfering RNAs) and the recently discovered mse-tsRNAs (mature sperm-enriched tRNA-derived small RNAs), produced by cleavage of mature tRNAs at a specific site within the anticodon loop [36] . Intriguingly, similar tRNA cleavage products have been shown recently to inhibit translation as part of a cytoprotective response to cellular stresses [37] . Further investigations of how these RNA pools are altered in mature germ cells in response to environmental insults is required, and can be easily achieved using high-throughput sequencing-based transcriptome profiling.
The functional significance of subtle germline changes to inherited phenotypes is difficult to assess. If a factor identified as altered in the germline is causally related to the inherited phenotype, then the percentage of mature gametes harbouring the altered factor should be similar or more than the penetrance of the phenotype in the offspring. This is most easy to assess in the context of methylation changes at a particular CpG site(s), as the percentage of methylation differences observed in the germ cells cannot be less than the level of penetrance observed in the next generation if methylation is somehow causally related to the phenotypes. There is the potential for immunofluorescence approaches to be similarly applied to assess population distribution of protein and RNA factors, but sensitivity and specificity may impose technical limitations.
How is genome function altered to produce an alternative developmental end-point?
Mammalian development is controlled by highly conserved and canalized genetic programmes. So then how does an inherited non-genetic factor, whatever that might be, modulate these programmes and thereby elicit phenotypic alterations in the progeny? Although multiple tissue-specific phenotypes have been characterized in mammalian models of non-genetic inheritance, there is still a paucity of information regarding how tissue-specific changes relate to each other at an organismal level and at what point in development they arise. Identifying the primary developmental defect(s) and the causative perturbations at a molecular level is critical to establishing the functional relevance of any environmentally induced non-genetic germline modification to the process of inheritance.
Chromatin-associated marks, such as DNA methylation and histone modifications that are transmitted in the mature gamete could alter developmental outcomes through two non-mutually exclusive mechanisms. (i) The inherited mark may not produce transcriptional consequences before cellular differentiation and survive post-fertilization epigenetic reprogramming. It may then be stably maintained through early mitotic divisions and potentially erased/maintained The inherited factor may be chromatin-associated and perpetuated throughout mitosis, manifesting as spatially and temporarily restricted transcriptional differences throughout development. Alternatively, it may be able to act in a trans manner to establish locus-specific chromatin states as a consequence of transcriptional changes early in embryonic development, and these chromatin states are then mitotically inherited, potentially manifesting as tissue-specific transcriptional changes at later stages of development. miRNA, microRNA.
through cellular differentiation processes. The functional consequence of this altered state may then manifest later in development in a lineage-specific manner ( Figure 2 ). (ii) The inherited mark may influence transcriptional output upon zygotic genome activation (Figure 2) . Any inherited chromatin modifications may or may not be erased during the post-fertilization epigenome remodelling that occurs at the early cleavage stages. Even if they are erased, the transcribed products (e.g. via altering levels of transcription factors) could retain the capacity to act in trans, initiating further downstream transcriptional changes and at the same time establishing alternative loci-specific chromatin states ( Figure 2 ) which might then be mitotically inherited or reprogrammed, in a lineage-specific context, as differentiation programmes are initiated. Factors that are inherited in trans (e.g. mRNA and regulatory RNAs) (Figure 2 ), could also influence development in a manner similar to the process described above in (ii). A key point of these speculative mechanisms is that any factor that acts in trans must exert feedback to a more stable (e.g. chromatin-based) form, to induce effects that persist past the first few cell divisions.
It is likely that the molecular perturbations underlying the phenotypes observed in these mammalian models of nongenetic inheritance are subtle and do not result in ablation of the spatial or temporal patterns of core developmental transcriptional networks. This is evident by the finding that there is no reduction in litter size (at least in the cases discussed above) and the resulting phenotypes are behavioural or metabolic changes rather than grossly altered body plan. Because of the subtlety and complexity of the phenotypes associated with examples of non-genetic inheritance, it is difficult then to differentiate between the fundamental developmental changes and the downstream consequences.
However, it is clear that transcriptional differences are already apparent prenatally [38] .
The key question, then, is at what stage of development are these transcriptional perturbations emerging? And what is their nature? The phenotypes apparent at later developmental stages all implicate skewing of various neuroendocrine systems that co-ordinate behaviour and metabolism. Is this reflected at much earlier stages of development? To address these issues, it will be necessary to profile at multiple developmental time points. Ideally, the first sampling would be within the period between embryonic genome activation and the first stages of cellular differentiation (i.e. two-toeight-cell stage in mice [39] ). This is now possible with the emergence of technologies that permit genome-wide transcriptome analysis from very low cell numbers [40, 41] ; however, the limiting amount of material makes assessment of the accompanying chromatin state within a single embryo impossible. It might be possible, however, through the use of F1 hybrid crosses to assess whether the inherited germline factors that induce these effects act in a trans or cis manner by mapping the transcriptome at these early stages and using strain-specific single nucleotide polymorphisms to see whether the transcriptional changes are restricted to the paternally contributed genome.
Conclusion
The molecular basis of environmentally driven (nongenetic) germline effects in mammals is hard to determine. Conceptually, this phenomenon can be broken down to three core stages: (i) the establishment of germline modification, (ii) the transmissible mark, and (iii) how this is causally linked to developmental outcomes in the next generation. Some mechanistic insights can be drawn from non-mammalian species; however, because of differences in germline specification, the applicability of these observations remains to be determined. In mammals, the germline is induced in each generation from a pluripotent precursor cell through somatic signalling, a process known as epigenesis [42] . However, in many other model organisms (e.g. C. elegans or Drosophila melanogaster) the germline is specified cell-autonomously through segregation of ribonucleoprotein factors from the oocyte during the early cleavages [43] .
In studies of mammalian species, further caveats and confounders need to be considered. Studies conducted in humans are inherently challenging due to accounting for environmental factors, the influence of genetic heterogeneity and difficulty in obtaining the relevant samples for analysis. Even in non-human mammals, little is known regarding the effect of the underlying genetic architecture on the establishment, transmission and phenotypic outcomes of environmentally sensitive non-genetic factors. Yet, earlier studies suggest that strain background can have a large effect [44] . Furthermore, the premise that paternally transmitted effects are solely due to germline-transmissible factors may not be correct. In some non-mammalian species, females differentially allocate resources to offspring in response to male mate quality (e.g. [45] ). It may be that maternal effects also occur in rodents and other non-human mammals in response to male pheromones or behaviour [46, 47] .
In contrast with transgenerational inheritance at mammalian transgenes (e.g. [48] ), environmentally induced transcriptional changes at endogenous loci are more subtle, potentially reflecting different mechanistic origins. Insight into the mechanistic underpinnings of this phenomenon will provide a platform to address how commonplace these effects are and whether they provide an adaptive advantage. Interestingly, the phenotypes in mammalian models of nongenetic inheritance often show sexual dimorphism and latency [21, 22] , characteristics that are shared with many complex human diseases [49] . Understanding the molecular basis of this form of soft inheritance will facilitate future assessment of how it might contribute to complex human diseases. 
